1. Free amino acids were determined in the plasma and in the muscle tissue of 14 patients with chronic uraemia; eight were not on dialysis and six were having regular peritoneal dialysis. The con centration of each amino acid in muscle water was calculated with the chloride method.
Introduction
There are numerous reports of abnormal patterns of the plasma amino acids in uraemic patients (Gulyassy, Peters, Lin & Ryan, 1968; Giordano, De Pascale, De Santo, Esposito, Cirilli & Stangherlin, 1970; Young & Parsons, 1969 Bergström, Fürst, Noree & Vinnars, 1972b; Swendseid & Kopple, 1973) . These patients have low concentrations of several essential amino acids and high concentrations of some non-essential amino acids, and such changes occur in both nondialysed patients and in those treated with intermit tent haemodialysis or peritoneal dialysis. This abnormal amino acid pattern bears similarities to the findings in malnutrition (Arroyave, Wilson, de Funes & Behar, 1962; Snyderman, Holt, Norton, Roitman & Phansalkar, 1968; Smith, Pozefsky & Chhetri, 1974) and it has been suggested that these abnormalities in renal failure are attributable in part to dietary inadequacy.
The concentration of several free amino acids is considerably higher in the cells than in the extracellular fluid (Zachman, Cleveland, Sandberg & Nyhan, 1966; Munro, 1970; Bergström et al, 1972b; Bergström, Fürst, Noree & Vinnars, 1974) . Skeletal muscle is by far the largest pool of intracellular free amino acids. In this study, the patterns of free amino acids have been measured in plasma and muscle of non-dialysed chronic uraemic patients and in patients treated with intermittent peritoneal dialysis. Preliminary results in four of the patients treated with peritoneal dialysis and amino acids have been reported (Bergström et al., 1972b) .
Material and methods

Procedures
We studied 14 patients with chronic uraemia. Detailed clinical data and selected analytical results are presented in Tables deposited as Clinical  Science and Molecular Medicine Table 77/ 16(a-d) with the Librarian of the Royal Society of Medicine, 1 Wimpole Street, London, WIM 8AE, from whom copies may be obtained on request. The nature, purpose, and possible risks involved in the experimental procedure were explained to the subjects before obtaining their voluntary consent. Eight patients, who were not treated with dialysis, had been brought to hospital because of symptoms of uraemia such as fatigue, nausea and vomiting. Before administration they had either had no dietary treatment (three cases) or had been treated with a diet containing 40 g of protein/day (Table   1) .
Six patients were treated with peritoneal dialysis for 22 h twice a week. Before the study they were prescribed a diet containing approximately 60 g of protein/day (Table 1) .
During the period of investigation these patients were kept on a controlled diet providing 60 g of protein and 10 100 kJ/day. After at least 1 week on the diet, muscle biopsies were performed before and at the end of a 22 h peritoneal dialysis. One week later muscle biopsies were taken in five of the patients before dialysis and in all the six patients after dialysis, who all received an intravenous infusion of essential amino acids during the last 4 h of dialysis, containing 400 ml of amino acid solution (Aminess, Astra Läkemedel AB, Söder-tälje, Sweden). This provided: 16-0 mmol (2· 1 g) of L-isoleucine, 25-2 mmol (3-3 g) of L-leucine, 20-0 mmol (3-3 g) of L-phenylalanine, 16-4 mmol of Llysine acetate (corresponding to 2-4 g of L-lysine), 22-1 mmol (3-3 g) of L-methionine, 12-6 mmol (1-5 g) of L-threonine, 3-7 mmol (0-75 g) of Ltryptophan, 20-5 mmol (2-4 g) of L-valine (three times minimum requirement of these amino acids according to Rose, 1949) , and 10-6 mmol (1-65 g) of L-histidine.
Plasma samples for free amino acid deter mination were obtained at the time of each muscle biopsy. In the dialysis patients plasma was also obtained 30 min after the end of dialysis. Further more, six pre-and six post-dialysis plasma samples were obtained in connection with dialysis, when no muscle biopsies were performed.
Muscle biopsies were taken, in the morning after an overnight fast, from the lateral portion of the quadriceps femoris muscle about 15-20 cm above the knee, after local anaesthesia of the skin (Bergström, 1962) . The wet biopsy material was dissected carefully to remove all visible fat and connective tissue, and then divided into several portions. One or two small portions (10-15 mg) were used for determination of fat, water and electrolytes. A larger amount (20-40 mg) was used for measurement of free amino acids. Methods for weighing the muscle samples, extraction of neutral fat and determination of tissue water content have also been described earlier (Bergström, 1962) . The specimens were treated with H N 0 3 (1 mol/l) for extraction of chloride measured by electrometric titration (Bergström & Hultman, 1974) . Venous blood was collected for plasma electrolyte, protein, albumin, total iron-binding capacity, urea and creatinine determination with a 20-channel Autochemist (AGA Medical AB, Lidingö, Sweden). The method for determination of free amino acids in muscle (and in plasma) has been described earlier (Bergström et α/., 1974) . The research protocol was reviewed and accepted by the Ethical Committee of the Karolinska Institutet, Stockholm, Sweden.
Calculation
The calculation of extra-and intra-cellular water content and the intracellular amino acid con centrations based on the chloride method has been described earlier, and the problems in using this calculation in sick patients have been discussed (Bergström et al., 1974; Bergström & Hultman, 1974; Bergström, Alvestrand, Fürst, Hultman, Sahlin, Vinnars & Widström, 1976) . Histidine, which is an essential amino acid in severe uraemia, was listed together with the non-essential amino acids in order to conform with other publications in this field (Bergström, Fürst, Josephson & Noree, 1970; Fürst, 1972; .
Mean results + SEM are given with the number of observations in parentheses. PD = peritoneal dialysis. EAA = essential amino acids + histidine. Significance of results: I (non-dialysed) and II (before PD), respectively, were compared with the normal material; III (after PD without EAA supply) was compared with II (before PD): IV (after PD with EAA supply) was compared with III (after PD without EAA supply); the statistically significant differences between I and II are given in the text: 1 · = 0-01 < /> < 0-05;++■-= 0-0O1 < P < 0-01; +++■-=P < 0-001 (plus (+) or minus (') indicates high or low significance respectively).
Concn. (mmol/1 of intracellular water)
Healthy subjects "(8) (7) (8) (8) (7) (3) (7) (7) (7) (7) (7) (9) (9) (7) (7) (9) (8)
3-37 + 0-173+++ ( (6) (6) (5) (5) (6) (6) (6) (4) (
10-071 ±0-0081+++ 5-96 ± 0-756+ 3-52 ±0-832+
(6) (6)
TABLE 3. Intracellular concentrations of non-essential amino acids in muscle
Mean results ± SEM are given with the number of observations in parentheses. For explanation of abbreviations, meaning of superscripts and statistical comparisons see Table 2 . (6) (6) (6) (6) (6) (6) (6) (6) (5) (6) (6) (6) (5) (5) (6)
Values are given as mean ± SEM, and sig nificance of differences were assessed by unpaired r-tests.
Results
Mean values of age, creatinine clearance, serum creatinine, urea, albumin, and total iron-binding capacity were normal in the non-dialysed patients. In the dialysis patients serum albumin was low and total iron-binding capacity was normal (Table 1) .
Fat, total water, and extra-and intra-cellular water content of muscle samples {Table 1)
Non-dialysed patients. The fat content, total water content and intracellular water content were significantly increased in comparison with values obtained in 20 healthy subjects, by the same methods, in accordance with previous observations in patients with chronic uraemia (Bergström, 1962; Bergström & Hultman, 1969; Graham, 1970; Bergström & Hultman, 1974; Villamil, Yeyati, Rubianes & Taquini, 1963) .
Patients on intermittent peritoneal dialysis. The fat, total water, extra-and intra-cellular water were significantly higher than normal before dialysis. After dialysis the total water content and the extra cellular water content decreased significantly, the intracellular water content remaining unchanged. Similar changes were reported by Bergström & Hultman (1974) .
Extra-and intra-cellular amino acid concen trations (Tables 2 and 3)
Normal subjects. Most amino acids were in higher concentration in intracellular water than in plasma, the concentration gradient being especially high for taurine, glutamic acid and glutamine. The branched-chain amino acids (valine, leucine, isoleucine), phenylalanine, tyrosine and citrulline had a gradient below 2. The remainder showed a gradient between 5 and 10 (Bergström et al., 1974) .
Non-dialysed uraemic patients, (i) Plasma. The following essential amino acids were found in low concentrations: threonine, valine, leucine, lysine and histidine. The concentration of isoleucine was normal and the concentrations of methionine and phenylalanine were high. The concentration of serine was low, whereas the concentrations of several other non-essential amino acids (aspartic acid, glutamic acid, cysteine, citrulline, 1-and 3-methylhistidine and arginine) were high. The ratio glycine/valine (Gly/Val) and phenylalanine/ tyrosine (Phe/Tyr) were high.
(ii) Muscle. The concentrations of threonine, valine, tyrosine, lysine, histidine and of the dipeptide carnosine were significantly lower than normal. The concentrations of phenylalanine and aspartate were high. 1-Methylhistidine and 3-methylhistidine, which were not detected or only found in trace quantities in plasma and muscle tissue of normal subjects, were present in all the uraemic patients.
The sum of the essential amino acid con centrations was low; the ratios Gly/Val and Phe/Tyr were high. The intracellular/extracellular concentration gradients of asparagine and leucine were higher than normal (P < 0-05).
Patients treated with peritoneal dialysis, (a) Before dialysis. In plasma the essential amino acid pattern was similar to that found in the nondialysed uraemic patients, except that phenyl alanine was lower and isoleucine higher than normal. Of the non-essential amino acids only asparagine, serine and tyrosine were low: all the others including taurine were higher than normal. The sum of the non-essential amino acids in plasma was high, as were the ratios Gly/Val and Phe/ Tyr. The ratio total essential amino acids/nonessential amino acids was low.
In muscle the concentrations of threonine and valine were low, whereas the concentrations of isoleucine, leucine, lysine and phenylalanine were increased. High concentrations were found of the following non-essential amino acids: glutamine, glutamic acid, alanine, citrulline, ornithine and arginine, as well as taurine. The concentrations of tyrosine and carnosine were low. Total essential and total non-essential amino acids were increased, as were Gly/Val and Phe/Tyr. The intracellular/ex tracellular concentration gradients of the following amino acids were significantly increased: leucine and lysine (P < 0-001); threonine, asparagine, isoleucine, ornithine and histidine (P < 0-01); glutamic acid and glutamine (P < 0-05).
(b) Comparison between non-dialysed and dialysed patients. In plasma there were higher concentrations of aspartate (P < 0-01) and taurine ( P < 0 0 1 ) , and lower plasma concentrations of tyrosine (P < 0-01), phenylalanine (P < 0-001) and 1-methylhistidine (P < 0-05) and a lower ratio total essential amino acids/non-essential amino acids (P < 0-05) in the dialysis patients than in the non-dialysed patients.
In muscle the intracellular concentrations of the following amino acids were higher in the dialysis patients than in the non-dialysed patients: isoleucine (Ρ<0·01), leucine (P < 0-05), glutamine (P < 0-01), lysine (P < 0-05) and ornithine (JP < 0-005). Total essential and total non-essential amino acids (P < 0-001) and the intracellular/extracellular gradients of glutamine (P < 0-05), glutamic acid (P < 0-05) and lysine (P < 0·01) were also higher in the dialysis patients.
(c) Effect of peritoneal dialysis (no amino acid supply). In plasma the concentrations of valine, isoleucine, leucine, histidine, serine, proline, tyrosine, ornithine, 3-methylhistidine and taurine decreased significantly as did essential amino acids. The ratios Gly/Val and Phe/Tyr increased. There was no significant difference in concentration of any amino acid 30 min after the end of dialysis as compared with the end of dialysis.
In muscle no significant changes were observed, except for citrulline, which increased after dialysis.
(d) Effect of amino acid infusion during dialysis. In plasma the concentrations of all essential amino acids as well as histidine and tyrosine were increased immediately after dialysis, as compared with the concentrations after dialysis without amino acid administration. The concentrations of asparagine, proline and glycine were significantly decreased. Gly/Val was decreased but Phe/Tyr was increased.
In muscle the concentrations of valine and phenylalanine were significantly higher after dialysis, when amino acids had been infused, than after dialysis without amino acid infusion. The concentration of arginine in muscle was signifi cantly lower after amino acid administration than without amino acid supply. The Phe/Tyr ratio was greatly elevated. The ratio total essential amino acids/total non-essential amino acids was sig nificantly higher, as were the intracellular/extracellular gradient of threonine, tyrosine, phenyl alanine, lysine (Ρ<0·25) and arginine (P > 0-01).
Discussion
The chloride method for the calculation of intracel lular water requires that the transmembrane poten tial is directly measured or is assumed to be normal. In healthy subjects this potential has been directly measured and found to be 87-90 mV (Bolte, Riecker & Röhl, 1963; Cunningham, Carter Rector & Seldin, 1971; Cotton, Carter & Knöchel, 1976 ). In our study all patients were uraemic, and a low membrane potential might be expected (Cun ningham et al, 1971; Bolte, Becker & Völker, 1972) . It has recently been reported that the muscle membrane potential in patients with chronic uraemia before start of dialysis was only slightly less negative (-83 mV) than in normal subjects (-90 mV) (Cotton et al, 1976) . Errors in the calculation of the intracellular amino acid con centrations introduced by not considering such a small difference in membrane potential are neg ligible compared with the errors of determination of individual amino acids in muscle, which are 4-9% (Bergström, 1975) .
The changes in the plasma amino acids in the present study are in general agreement with earlier reports. Variations in the results of different investigators (see Kopple, 1976 ) may be due to differences in methodology, clinical condition of the patients and the mode of treatment. However, our results clearly demonstrate that the free amino acid pattern in plasma may not reflect the free amino acid pattern in the muscle cells. Interpretation of the muscle aminogram is, however, difficult, owing to the limited amount of information available in man under various metabolic conditions.
More abnormalities in the plasma and intracel lular amino acid patterns were found in the dialysed patients than in the non-dialysed patients. This indicates that peritoneal dialysis may further aggravate the disturbances in protein metabolism of uraemia. One factor of importance might be the losses of protein and amino acid losses in the dialysis fluid. Although our patients were having a diet containing 60 g of protein/day, this amount might have been insufficient when considering the protein and amino acid losses during dialysis. More severe protein depletion in the dialysis was also suggested by the serum albumin concentration being much below normal.
Some of the most clearcut findings in the uraemic patients concerned the branched-chain amino acids. In the non-dialysed uraemic patients the intracellular concentration of valine was reduced by more than 50%, whereas the con centrations of leucine and isoleucine were normal, despite a low plasma concentration of leucine.
In dialysed patients also the intracellular con centration of valine was very low, but the total pool of branched-chain amino acids and total essential amino acids was increased. The concentration gradients of isoleucine and leucine across the cell membrane were increased. These results suggest that the low intracellular concentration of free valine is a typical sequel of uraemia but is not related to protein intake or treatment. The changes in distribution of isoleucine and leucine may be secondary to the valine depletion.
Imbalances between the branched-chain amino acids depress growth in the rat (Harper, 1964) .
Post-traumatic and other forms of catabolism are associated with a suppression of protein synthesis rather than an increased protein breakdown (O'Keefe & Sender, 1974; Millward, Garlick, Dickson & Waterlow, 1976) , and the concentrations of branched-chain amino acids in skeletal muscle are increased (Millward et al., 1976) . It is possible therefore that the high intracellular concentration of isoleucine and leucine in patients treated with peritoneal dialysis was a consequence of diminished synthesis of muscle protein.
The concentration of lysine in extra-and intra cellular fluid was low in non-dialysed patients and similar results were observed in patients with post operative catabolism (Vinnars, Bergström & Fürst, 1975) . In contrast the lysine concentration in muscle was high and the intracellular/extracellular concentration ratios of two other basic amino acids, ornithine and arginine, were also high.
The increase in arginine, ornithine and citrulline in plasma and intracellular fluid may be due to an increased activity of the urea cycle in uraemia, especially in the dialysis patients. High con centrations of citrulline have earlier been observed in plasma of uraemic patients and in plasma, liver and muscle of uraemic rats (Swendseid & Kopple, 1973; Swendseid, Wang, Vyhmeister, Chan, Siassi, Tarn & Kopple, 1975) . The high intracellular lysine concentration may be secondary to the changes in the other basic amino acids, which share a common transmembrane transport system (Christensen & Liang, 1966; Christensen & Antonioli, 1969) .
Low extra-and intra-cellular concentrations of threonine were present in both non-dialysed and dialysed uraemic patients. Depletion of the free threonine pools may therefore be a typical feature of uraemia, which is not corrected by dialysis and may limit protein synthesis in uraemic patients. The plasma concentration of histidine was low in both groups of patients, but the intracellular concentra tion was only low in the non-dialysed patients. Low plasma concentrations of histidine have been reported in uraemia (Giordano et al., 1970) . Nitrogen-balance studies (Bergström et al., 1970; Bergström, Fürst, Josephson & Noree, 1972a) and studies with 15 N (Fürst, 1972) have shown that histidine is essential in severe uraemia and like threonine and lysine cannot be reversibly transaminated (Elliott & Neuberger, 1950) . It has been suggested that histidine is also essential to normal man . The low extra-and intra-cellular concentrations of histidine in uraemia may be limiting factors for protein synthesis in this condition. Carnosine, which is a dipeptide containing histidine, was also found to be low in muscle. This may be another sign of an abnormal histidine metabolism in uraemia.
The Phe/Tyr ratio was increased in plasma and muscle in both non-dialysed and dialysed patients. This increase was due to a decrease in extra-and intra-cellular tyrosine concentrations and, in the non-dialysed patients, an increase in extra-and intra-cellular phenylalanine concentrations as well.
The high Phe/Tyr ratio in uraemia has been attributed to diminished phenylalanine hydroxylation due to an inhibition of phenylalanine hydroxylase, or diminished synthesis of that enzyme as a consequence of protein depletion (Young & Par sons, 1973) . Tyrosine may have a more 'essential' role in uraemia than in health. It has recently been suggested that uraemic patients treated with essen tial amino acids should be given additional tyrosine to circumvent the metabolic block (Bergström, 1975; Young, Keogh & Parsons, 1975) .
The abnormalities in intracellular free amino acid concentrations in uraemia differ from those seen in post-traumatic catabolism or in starvation. In addition to the mentioned differences in some of the essential amino acids, marked differences were seen also in some of the non-essential amino acids, e.g. glutamine and glutamic acid, the con centrations of which were normal in non-dialysed and high in dialysed uraemic patients, but de creased in patients with post-traumatic catabolism (Vinnars et al., 1975) .
After peritoneal dialysis the concentrations of the branched-chain amino acids, histidine and a few non-essential amino acids in plasma decreased significantly. The intracellular concentrations were, however, much less changed. This was not unex pected for amino acids having a high concentration gradient, since the amounts of these removed by dialysis should be small in comparison with the total intracellular pool. For the branched-chain amino acids, as well as for phenylalanine and tyrosine, one would have expected a reduction in intracellular concentrations as the plasma con centrations fell, provided that these amino acids diffuse rapidly enough through the muscle-fibre membrane to obtain equilibration. The fact that we found no changes in intracellular concentrations suggests that we are dealing with a twocompartment system with restricted transport from intra-to extra-cellular fluid and that the decrease in plasma concentrations of these amino acids at the end of dialysis does not reflect a change in the muscle free amino acids.
The post-dialysis plasma concentrations of all measured essential amino acids and of tyrosine and histidine were greater in those patients given essential amino acids during dialysis. The total amino acid pool and the total essential amino acids/total non-essential amino acids ratio in muscle rose and the valine concentration, which had been low, increased to normal. However, the values at the end of dialysis represent a non-steadystate condition. Nevertheless the findings indicate that the infused amino acids were taken up by the muscle. The phenylalanine concentration in muscle increased markedly after the infusion and the Phe/Tyr ratio increased to 4-33, whereas in two normal subjects a similar infusion caused the ratio to increase to 1-00 and 1-12 respectively (unpub lished observations). These findings are further evidence of diminished phenylalanine hydroxylation in uraemia.
When amino acids are infused during peritoneal dialysis only 4-13% of the amino acids infused are lost in the diffusate (Noree, Bergström, Fürst & Hallgren, 1971) . The increases in extra-and intra cellular concentrations of the amino acids, if they occurred uniformly, could account for only part of the amino acids infused (55% of threonine, about 35% of valine and phenylalanine, and less than 20% of the other amino acids). The remainder are either used for protein synthesis or are metabolized.
Infusion of essential amino acids during periton eal dialysis improves the nitrogen balance (Noree et al., 1971) and increases the incorporation of 15 N into muscle protein (Fürst, Bergström, Josephson & Noree, 1970) . Our results support the suggestion that the infused amino acids are used for protein synthesis.
